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ABSTRACT: Extreme precipitation events are challenging to local and regional stakeholders across the United States.
The Missouri River basin (MoRB), covering an area over 1.29 million km2, is prone to extreme precipitation events. These
events are exacerbated by the complex terrain in the west and the numerous weather and climate features that impact the
region on a seasonal and annual basis (low-level jets, mesoscale convective systems, extreme cold air intrusions, etc.).
Without an in-depth analysis of extreme precipitation in the MoRB, the evolving nature of extreme precipitation is not
known. This situation warrants an analysis of extreme precipitation, especially relating to subannual variations when ex-
treme precipitation is more impactful. To this end, data from 131 U.S. Historical Climatology Network (USHCN) stations
were used to determine the nature of extreme precipitation from 1950 to 2019. Annual 99th-percentile events and annual
station maximum precipitation events occur more frequently in the eastern MoRB than in the western MoRB, in line with
the annual precipitation climatology. Results show that 99th-percentile events and annual station maximum precipitation
events are becoming more frequent across the MoRB. Through analysis of 3-month extreme precipitation trends, areas
in the eastern and southern MoRB are shown to have an increase in event frequency and intensity. Frequency shifts in
the 99th-percentile events, however, have occurred across the entire region. The increasing frequency of extreme events in
the western MoRB represents a significant change for the hydroclimate of the region. Overall, the results from this work
show that MORB extreme precipitation has increased in frequency and intensity during the 1950–2019 period.
KEYWORDS: North America; Extreme events; Precipitation; Climate variability; Trends
1. Introduction
Extreme precipitation events within the Missouri River
basin (MoRB) have widely varying impacts. These include, for
example, major river floods, flash floods, agricultural field
flooding, dangerous ice flows, and large-scale infrastructure
loss or damage. Such an event during March 2019 (Flanagan
et al. 2020) caused an estimated $2.9 billion in direct damages
with around 20 million acres (1 acre 5 0.4 ha) of agricultural
land left fallow because of remaining flood waters (USDA
2019). Flash flooding can also be an issue in the region. For
example, in early June 1972, over 786 mm of rain fell in a 6-h
period in the eastern Black Hills and 254 mm for that same
period over a 60-mi (97 km) area in South Dakota leading to
the highest floods recorded in the state. This event resulted in
237 deaths and 3057 injuries and caused over $160 million in
damages (USGS and NOAA 1972). During another event,
occurred in Kansas City on 12–13 September 1977, nearly
406 mm of rainfall was recorded that led to 25 deaths and over
$50 million in damages (USGS and NOAA 1977). While typ-
ically caused by large-scale flooding, damage to agricultural
fields and crops can occur from localized extreme precipitation
events leading to soil damage (Kozdrój and van Elsas 2000),
increased possibility of plant disease (Ashraf and Habib-ur-
Rehman 1999), and delayed planting as a result of farmers’
inability to operate machinery in the wet soil (Rosenzweig
et al. 2002). Moreover, large-scale floods can lead to wide-
spread and long-lasting impacts resulting in increased food
prices around the country and devastate local economies reli-
ant on agricultural production (Downton et al. 2005; Xiao et al.
2013; Mallakpour and Villarini 2015).
The Missouri River is the longest river in the United States,
and the MoRB watershed stretches over 1.29 million km2
(U.S. Department of the Interior Bureau of Reclamation
2016). Because of its size, the MoRB experiences a number
of different hydroclimatic conditions. The western MoRB
states, including Montana, Wyoming, and Colorado, ob-
serve lower precipitation totals throughout a calendar year
(Fig. 1) with heavy snowfall events across the mountains
providing most of the water for the region (Najibi et al. 2017;
Wise et al. 2018). The eastern MoRB states, including North
Dakota, South Dakota, Nebraska, Kansas, Iowa, and Missouri,
observe higher amounts of precipitation (Fig. 1) and less
snowfall relative to themountainous regions in the west (Najibi
et al. 2017;Wise et al. 2018). As most of the precipitation in the
easternMoRB states occurs during the spring and summer, the
hydrologic system of the eastern states is dependent on the
water recharge from the region’s snowfall and the snowmelt of
the mountainous region to the west (Qiao et al. 2014; Barnhart
et al. 2016; Wise et al. 2018). Thus, the thawing months of the
year are highly susceptible to floods, as excessive snowfall,
higher river levels, excessive river ice, and/or an extreme rainfall
event can quickly overwhelm the MoRB hydrological systems
during the late winter and early spring season (Najibi et al. 2017;
Flanagan et al. 2020). This can be compounded by the colder
temperatures of the winter season (Flanagan et al. 2017), which
leads to increased runoff of any liquid precipitationdue to frozen
soils (Cherkauer and Lettenmaier 1999; Niu and Yang 2006).Corresponding author: Paul Flanagan, paul.flanagan2@usda.gov
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Precipitation in the north-central United States, or the
MoRB as shown in Fig. 1, is driven by a number of different
mechanisms on the climate and synoptic (temporal and spatial)
scales. On the synoptic scale, precipitation is largely forced by
processes such as the warm-season low-level jet (LLJ; Wallace
1975; Monaghan et al. 2010), potential vorticity anomalies
(e.g., Appenzeller and Davies 1992; Moore et al. 2019), syn-
optic wave activity (Zhao et al. 2017; Flanagan et al. 2017), to
name a few. Anomalies in such features [Great Plains LLJ
(GPLLJ), anomalous wave activity, etc.] can modify precipi-
tation or the drivers of precipitation to enhance the resultant
precipitation amounts. Owing to the land-locked nature of the
MoRB as it sits between the RockyMountain range to the west
and the Mississippi River basin to the east, moisture for pre-
cipitation is typically drawn from the south, or the Gulf of
Mexico (Higgins et al. 1997; Gimeno et al. 2010, 2013). This
moisture transport is climatologically driven by the GPLLJ
during the warm season and synoptic-scale weather systems
throughout the year. Thus, precipitation and precipitation ex-
tremes in the MoRB is directly linked to the strength of the
southerly flow produced by dynamic weather systems (poten-
tial vorticity and wave-activity anomalies included) and the
GPLLJ (during the warm season).
Locally, land-use land-cover features have been shown to
modify (DeAngelis et al. 2010) localized precipitation events.
A large feature of climate change, land-use land-cover change
(LULCC), has drastically altered the landscape of the central
United States including the MoRB (DeAngelis et al. 2010;
Ahiablame et al. 2017). Predominantly, this has taken the
shape of changes from natural grassland or forest to agricul-
tural land in the MoRB region. The impact of such a LULCC
on the atmosphere is to increase low-level humidity through
enhanced evapotranspiration during the late spring, summer,
and early autumn seasons. Thus, LULC and LULCC can am-
plify or weaken precipitation events through the modification
of the localized low-level moisture field.
Climate-scale drivers of precipitation for the central United
States are predominantly from the Pacific Ocean basin, namely
the Pacific decadal oscillation, El Niño–Southern Oscillation
(ENSO), and Pacific–North American (PNA) pattern (Ruiz-
Barradas and Nigam 2005; Hu andHuang 2009; Mei andWang
2011;Wise et al. 2018). Although climate-scale drivers typically
impact weather at seasonal, annual, or longer time scales, they
can still influence extreme precipitation on shorter temporal
scales, such as through the PNA (Wise et al. 2018). Moreover,
Wise et al. (2018) noted that the primary control on MoRB
streamflow from teleconnections (PNA and ENSO in their
study) is through the upper MoRB wintertime precipitation
(snow in the higher elevations). Thus, precipitation and its
extremes are forced by a large array of different features on a
variety of temporal and spatial scales.
As a result of the high impact of extreme precipitation
events, temporal and spatial changes owing to climate change
or LULCC are especially important in the MoRB. Across the
United States, total precipitation has increased by about 6%
in the twentieth century (Karl et al. 2009; NCDC 2020; Groisman
et al. 2012; Easterling et al. 2017). This change in precipitation is
not spatially or temporally homogenous, as the amounts and
extremes differ among regions (Kunkel et al. 1999; Kunkel
2003; DeGaetano 2009; Pryor et al. 2009; Groisman et al. 2012;
Janssen et al. 2014; Yu et al. 2016; Easterling et al. 2017).
Precipitation intensity and magnitude has been changing
FIG. 1.Map of the study area. TheMissouri River Basin area is outlined with a thick dark-red
line. The color-filled circles represent stations used within the study, and the open circles
represent stations that were excluded by the 10%-or-less-missing-data filter. The map color fill
is terrain height in meters. The color fill in each circle is the annual precipitation climatology
(mm) for the USHCN stations over the MoRB.
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across the central United States, as small-scale heavy precipi-
tation events have become more frequent and lighter precipi-
tation events did not proportionately increase (Karl and
Knight 1998; Groisman et al. 2004, 2005, 2012; Feng et al. 2016;
Easterling et al. 2017). Because the geographic extent of these
storms is smaller, they cause an increase in the variability of
water resources in the region (Christian et al. 2015; Weaver
et al. 2016; Flanagan et al. 2017, 2018).
Increases in the magnitude and frequency of extreme pre-
cipitation events could alter the threshold of an extreme event.
As the magnitude of these extreme events increases, the
thresholds used to define extreme events (typically percentile
based) also change. Thus, events that were previously consid-
ered extreme (i.e., rare events) could be identified as ‘‘normal’’
or more frequent. This shift of extreme precipitation can be
found in several regions in the United States, such as the
Northeast (Karl and Knight 1998; Kunkel 2003; Howarth et al.
2019), Great Plains (Karl and Knight 1998; Kunkel 2003; Feng
et al. 2016), and Midwest (Kunkel et al. 1999; Groisman et al.
2012; Feng et al. 2016). Quantifying the changes in extreme
precipitation and the thresholds that define these events
aids in preparing and mitigating for the new extremes that
can occur (e.g., the event ofMarch 2019MoRBflood; Flanagan
et al. 2020).
Hence, the goal of this study is to analyze and quantify the
spatial and temporal changes in extreme precipitation within
the MoRB. For this purpose, we have analyzed data for both
annual and seasonal time scales. A wide variety of methods can
be found for extreme precipitation analyses, such as extreme
value statistical analysis (cf. Barlow et al. 2019), trend analysis
(Kunkel 2003; Groisman et al. 2005; Howarth et al. 2019),
return-period analysis (Kunkel 2003; DeGaetano 2009), all of
which are appropriate for the study of extreme precipitation.
To fulfill the objective of this study, we used a station-based
trend analysis and a frequency analysis following an approach
from Howarth et al. (2019), described in the data and methods
section. Moreover, we used box plot analysis to gauge the
spread of the extreme events across the MoRB, and multiple
seasonal analyses to explain the nature of extreme precipita-
tion in the MoRB. We are unaware of studies solely focusing
on extreme precipitation over the MoRB. Thus, it is critical to
investigate extreme precipitation within the region using ob-
servational data, especially in the context of climate change.
Our study fulfils this need.
2. Data and methods
a. Station data criteria
As noted previously, the study area for this analysis is the
MoRB region, along with portions of the north-central United
States outside of the MoRB region (Fig. 1). This area consists
of North Dakota, South Dakota, Nebraska, Kansas, along with
portions of Iowa (west of 958W), Montana (east of 1108W),
Wyoming (east of 1078W), and Colorado (east of 1058W).
Moreover, it was defined in a way so that it is possible to in-
clude as much area in the High Plains region of the United
States and the MoRB, without the influence of mountainous
regions on the extreme precipitation climatology. The eastern
MoRB for this study is defined as the area within the MoRB
east of 1008Wand thewesternMoRB is the areawest of 1008W.
While the number of stations in the eastern MoRB is larger
than in the western MoRB, modified analysis taking into ac-
count the difference in station coverage (analyzing grid boxes
with equal numbers of stations and normalizing results based
on number of stations included in the counts) shows that this
has no impact on the results comparing the eastern and western
MoRB. U.S. Historical Climatology Network (USHCN; http://
doi.org/10.7289/V5D21VHZ) daily, version 3, data were cho-
sen due to the long period of record, its quality, and spatial
density of observations. A total of 131 stations with a data
record from 1 January 1950 to 31 December 2019 and with a
maximum of 10% missing data were chosen (Fig. 1). Of these
131 stations, 108 had less than 5%missing data, and 43 stations
had less than 1% missing data. However, to achieve a better
spatial representation of precipitation in the study area the
missing data threshold was set to 10% or less. Although biases
such as the 5/10 bias or the underreporting of 0.05 mm or less
precipitation totals (Daly et al. 2007) are well known, the
USHCN station data represent the longest and the most widely
observed climatological records of surface variables.
b. Extreme event definition
Similar to the approach used by Howarth et al. (2019), the
definition of an extreme precipitation event for this study is any
daily accumulation event that crosses the top 1% (99th percentile)
of all daily precipitation accumulations, without including no
precipitation days. The station based (per station) 99th percentile
was defined to identify spatial changes in extreme events across
the large study area using a localized climatology (station
level) to identify small-scale (local) shifts in extreme precipi-
tation intensity and frequency. The all-station 99th percentile
was defined using a basinwide climatology and is thus useful in
determining the impact of changes in the nature of extreme
precipitation across the region. Because of the seasonality of
precipitation within the MoRB region (Wise et al. 2018), all
analyses were additionally completed on seasonal (3-month
period) time scales. For the results shown below, winter is defined
by the months of December–February (DJF), spring is defined
by March–May (MAM), summer is defined by June–August
(JJA), and autumn is defined by September–November (SON).
Analysis was conducted on a second 3-month period time scale
[January–March (JFM), April–June (AMJ), July–September
(JAS), and October–December (OND)] to see if this shift
reflects a better correspondence between the LLJ’s devel-
oping phase and precipitation response during warm seasons.
TheGPLLJ, especially in the north-central United States, has
been increasing in frequency from March/April until June
and decreasing in frequency from July through September
during the peak period of GPLLJ frequency (Doubler et al.
2015). In terms of intensity, the southerly flow is stronger
during the colder months (October–March), but the fre-
quency is much lower relative to the April–September period
(Doubler et al. 2015). It should be noted that due to the large
latitudinal and longitudinal range of the study region, frozen
precipitation can occur over a wide range of seasons. In this
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study, the frozen precipitation is included in the form of its
liquid equivalent quantity. Thus, the frozen precipitation state
variables such as snow, sleet, and hail are not investigated
separately.
The temporal increase or decrease (i.e., trends) in extreme
precipitation frequency (counts) and intensity (annual maxi-
mum and 99th percentile) were calculated using a Theil–Sen’s
trend estimator built into the National Center for Atmospheric
Research (NCAR) Command Language (NCL; https://doi.org/
10.5065/D6WD3XH5). The Theil–Sen trend estimation method
is insensitive to outliers and is significantly more accurate than
simple linear regression techniques (Wilcox 2001). It is com-
puted by fitting a line through all pairs of points within the
dataset and then determining the median of the slopes calcu-
lated from those lines. Along with the Theil–Sen trend esti-
mator, we utilized the Mann–Kendall trend significance test to
determine the significance of the estimated trends. The Mann–
Kendall test is a rank-based, nonparametric (distribution free)
significance test that compares the differences in signs between
earlier and later data points to detect any trends within the
chronological data (Mann 1945; Kendall 1975). This is calcu-
lated by summing the sign of all differences in the dataset to
calculate the Mann–Kendall statistic S, which is used to cal-
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In the above equations, Xj and Xi are the observations in
chronological order, n is the length of the time series, q is the
number of tied groups, tp is the number of observations in the
pth tied group. Z values above 0 indicate a positive trend, with
Z values below 0 indicating a negative trend, with the null
hypothesis being rejected if jZj is greater than 1.96 for a p value
of 0.05 (5% significance). Annual trends were estimated using a
time series of annual maximum events or 99th-percentile thresh-
olds, while the seasonal trends were estimated using a time series
of events or thresholds computed from each 3-month period
representing winter (DJF), spring (MAM), summer (JJA),
and autumn (SON). If autocorrelations in any time series
(99th percentile and annual maximum) were detected (any
correlation above 0.1635 or below 20.1789 using an N of 131
using a two-tailed test confidence interval; Ahmad et al. 2015)
split-cosine-bell tapering (prewhitening) was completed using
a built-in NCL command (‘‘taper’’) on 10% of the time series.
After tapering was completed, no autocorrelations were de-
tected within the final analyzed time series used within this
study. Comparison between results with and without tapering
indicated that tapering did not significantly impact our analy-
sis, all figures impacted were nearly identical regardless of
whether tapering was completed. Given that tapering the sta-
tistically significant autocorrelated time series is more robust,
these analyses were included in this work.
To analyze the frequency of extreme precipitation events in
the MoRB, an objective definition of a heavy precipitation
event was used, similar to the approach used by Howarth et al.
(2019) for their Figs. 5–7. If any event exceeded a threshold
(50, 100, or 150 mm) it was counted only once for each day
(unique event definition). This was to remove the impact of a
single precipitation event across multiple stations. This defi-
nition does not account for the spatial impact of these events,
thus a complementary analysis taking into account any event
exceeding any of these three (50, 100, or 150 mm) thresholds
was also conducted (not shown). This analysis, when compared
with the unique event definition (event only counted once per
day), can give a sense into the frequency and size of these
events. Both methods showed similar percentage increases
(the all-events definition showed only a 4% larger increase in
events when comparing the before and after 1985 periods for
all three thresholds) of events along with statistically significant
trends, thus it appears that only the frequency of these events
is shifting, not the size of the particular events.
3. Results
a. Annual and seasonal station maximum precipitation
Prior to discussing the extreme precipitation event clima-
tology, it is worth investigating station maximum precipitation
events in conjunction with the annual total precipitation clima-
tology. Thus, here we provide an overview of extreme events in
the study area and facilitate a comparison between the spatial
and temporal nature of extremes and the annual precipitation
climatology of the region. In the MoRB, climatologically, an-
nual precipitation decreases from east to west (Fig. 1), as does
the annual station maximum precipitation (Fig. 2), with a sta-
tion maximum daily precipitation amount around 225 mm in
the southeast to around 75–100 mm in the northwest. This
gradient of station maximum from south to north is likely
driven by the reduced amount of atmospheric moisture in
the northern Great Plains relative to the central Great Plains
(Mo and Higgins 1996). Although, by assessing the distribu-
tion of annual station maximum precipitation events (Fig. 3)
it is evident that the very large ($150 mm) events are not
exclusively in the eastern portion of the domain. Stations to
the west (left-hand side of Fig. 3) show these large ($150 mm)
events, even as the median event precipitation amount de-
creases. This includes the single-day largest precipitation
event of Colorado (281.4 mm) that was observed in Holly,
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Colorado, on 17 July 1965 (https://coflood2013.colostate.edu/
compare.html).
Seasonally (Figs. 2c–f), the primary occurrence for seasonal
precipitation extreme events is during the spring (Fig. 2d),
summer (Fig. 2e), and autumn (Fig. 2f) in the southern region
of the MoRB. Although station maximum precipitation events
do occur during the spring (Fig. 2d) and autumn (Fig. 2f), the
spatial coverage and magnitude of maximum precipitation
events in the summer (Fig. 2e) is greater than both in the spring
and autumn. In the northern MoRB, station maximum pre-
cipitation events appear to be distributed throughout the year.
Station maximum events occur in Montana and North Dakota
in the spring, summer, and autumn. However, a majority of the
station maximum events occur in the summer. Only a single
station maximum precipitation event occurred in the winter
and it was in south-central Missouri (Fig. 2c). This is expected,
as the average Julian day in which the annual station maximum
precipitation occurs is in the summer months. Specifically, they
FIG. 2. (a) Average date of annual station daily maximum precipitation event. Also shown is the station daily maximum precipitation
amount (mm) between 1950 and 2019 for (b) annual, (c) DJF, (d) MAM, (e) JJA, and (f) SON.
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occur during June in the west and July and August in the east
(Fig. 2b). The large reduction in magnitude of winter station
maximum precipitation was also an expected result. Precipitation
during the winter is largely frozen and the liquid equivalent
amounts during this season are particularly low to the north.
Trend analysis (Fig. 4a) shows that small pockets of areas are
recording an increase in annual station maximum precipita-
tion. However, no large continuous region has observed a
statistically significant increase or decrease in annual station
maximum precipitation events. The geographically scattered
statistically significant positive trends can be found in central
andwesternKansas,Nebraska, SouthDakota, easternMontana,
Wyoming, and Colorado. Predominantly, the statistically sig-
nificant trends have magnitudes around 0.3–0.5 mm yr21,
which equates to about 3–5 mm decade21. No statistically
significant annual negative trends were found.
In addition, seasonal trends of station maximum precipita-
tion (Figs. 4b–e) do not show statistically significant trends over
large contiguous areas in spring (Fig. 4c) or summer (Fig. 4d).
In the summer, an area along south-central Nebraska and
north-central Kansas border reports stations with negative
trends and these stations are surrounded by stations with large
positive trends. These negative trends were not limited only
during summer season but also can be found at the annual time
scale (statistically not significant). In autumn (Fig. 4e), a number
of stations in southeastern South Dakota and northeastern
Nebraska record statistically significant trends. While this
geographic area initially appears to show trends impacted by
singular precipitation events in the earlier or later years of the
1950–2019 time series, analysis of the individual station maxi-
mum precipitation during autumn (not shown) suggests that
this is not the case. In the winter (Fig. 4b), a number of stations
in Kansas and Missouri show statistically significant positive
trends for the 1950–2019 period.
b. Annual and seasonal extreme precipitation
event analysis
The distribution of annual per-station 99th-percentile thresholds
(Fig. 5) is similar to that of the annual station maximum precipi-
tation distribution. The median lowers from east to west, from
around 50 mm in the east to 20 mm in the west. Box-and-whisker
plots suggest that the range of annual per-station 99th-percentile
thresholds also decrease from east to west. However, while in the
western portion of the study area annual stationmaxima could be
large, the annual per-station 99th-percentile thresholds and
interquartile range (IQR) are smaller relative to those for the
eastern stations. This is due to the reduced precipitation values
that typically occur farther to the west and north within the
MoRB,while large ($150mm) events are still possible. Evenwith
the reduced variability in the per-station 99th-percentile thresh-
olds of the western region, when accounting for all precipitation
events (any day with over 0.0 mm of precipitation) across the
region together into a single distribution, the 99th-percentile
threshold is 55.4 mm.
Interestingly, the annual station per-station 99th-percentile
trend analysis (Fig. 6a) depicts a similar spatial pattern when
compared with the station maximum precipitation trend analysis.
The magnitude of the trends is not as large as the station
maximum trends. This is an expected result that is due to the
large reduction in precipitation magnitude between the station
maximum and per-station 99th percentile at each station.
The similarity between the two trend analyses also applies to
the seasonal analysis of station per-station 99th percentiles.
The per-station 99th-percentile analysis for the summer (Fig. 6d)
has few statistically significant trends across the entire study
area, which is similar to that of the summer station maximum
trend analysis. However, stations with statistically significant
results across bordering areas of south-central Nebraska and
north-central Kansas were not observed in the per-station 99th-
percentile trend analysis for the summer. The winter (Fig. 6b)
and autumn (Fig. 6e) spatial patterns in the station maximum
analysis is observed again in the per-station 99th-percentile trend
assessment. In winter, a larger number of stations demonstrate a
statistically significant increase in the southern portion of the
domain. In autumn, a group of stations in northeastern
Nebraska and southeastern South Dakota are showing a sta-
tistically significant increase, same as in the station maximum
analysis. However, the spring per-station 99th-percentile trend
analysis (Fig. 6c) is different than the spring station maximum
trend analysis. In addition, the spring and winter per-station
99th-percentile trend analysis suggests a similar spatial pattern
of statistical significance, with a large number of stations being
statistically significant in the southern portion of the study area.
c. Distribution of extreme events in the MoRB
Given the extensive range of annual per-station 99th-percentile
thresholds, it is worth investigating the distribution of heavy to
extreme precipitation events, especially those near or over the
all-station 99th percentile (55.4 mm). The $50 mm precipitation
FIG. 3. Box-and-whisker plot for the annual (1950–2019) station
maximum daily precipitation amount (mm). Stations are ordered
by longitude west to east; the left-hand side of the plot is the
westernmost station, and the right-hand side of the plot is the
easternmost station. The dots above and below the box-and-whisker
plots represent data points that are 1.5 times the IQR above or below
the 75th and 25th percentiles, respectively. The IQR was used in this
way to detect any outliers within the dataset and to show the full
spread of the values away from the median.
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distribution (Fig. 7a), roughly the 99th percentile of 55.4 mm,
suggests 40–90 unique events have occurred each year. Between
the periods of 1950–85 and 1985–2019, there was an increase from
1956 to 2291 events, a 15% positive change. Precipitation events
of $100 mm (Fig. 7b) are less frequent, about 5–20 events yr21.
However, there was a greater increase in $ 100 mm precipi-
tation events with 263 occurring between 1950 and 1985 and
337occurring between 1985and 2019, a 22%increase. Precipitation
events of $150 mm (Fig. 7c), which are not very common
(around 0–5 events yr21), have increased from 35 events
between 1950 and 1985 to 55 events between 1985 and 2019,
which is a 36% increase. Thus, all three distribution cate-
gories, $50, $100, and $150 mm, show an increase in events
after 1985. However, the difference in total events before and
after 1985 is not statistically significant for any of the three
distribution categories. Nonetheless, each distribution category
($50, $100, and $150 mm) shows a statistically significant
increasing trend from 1950 to 2019.
Spatially, all-station 99th-percentile ($55.4 mm) precipita-
tion events occur predominantly in the southeastern portion of
FIG. 4. Regression slope analysis of annual maximum daily precipitation event by station for (a) annual, (b) DJF,
(c) MAM, (d) JJA, and (e) SON. The size of the circle and its color denote the magnitude (larger circles
denote increased magnitudes) determined through a Theil–Sen trend estimation method, with the circles
including an X showing a statistically significant trend determined with a Mann–Kendall trend significance
test. Prewhitening was completed on any station with a statistically significant autocorrelation (two-tailed
t test with an N of 131).
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the study domain (Fig. 8). From 1950 to 2019, approximately
125–175 all-station 99th-percentile events were recorded across
southeastern Kansas and Missouri. In the central MoRB, east
of 1008W in Nebraska and Kansas, the number of all-station
99th-percentile events are about 100 while it is less than 25 events
for west of 1008W. Since these events were identified at each
station (not unique events in this case), the sparsity of stations
farther to the west could be reducing the number of events
observed. Nonetheless, because of much higher annual pre-
cipitation amounts in the east (Fig. 1), it is likely that these
all-station 99th-percentile events are more common in the
southeastern MoRB stations than in the western stations.
The spatial analysis of seasonal all-station 99th-percentile
events depicts more events in the summer and fewer events in
the winter. Winter all-station 99th-percentile events (Fig. 8b)
are particularly rare across most of the study domain, with
only a few events occurring in the southeastern MoRB. Autumn
(Fig. 8e) and spring (Fig. 8c) are very similar, with southeastern
all-station 99th-percentile events occurring more frequently
than in the winter season. Around 40–60 events are common
during the spring and autumn across the southeast (Missouri,
Kansas, and Nebraska), with a few stations in the north and
west (Montana, Wyoming, Colorado, North Dakota, and South
Dakota) observing more than 10 events.
The predominant season for these all-station 99th-percentile
events is the summer (Fig. 8d), with more events than the
other three seasons combined. In the southeastern portion of
the study area, around 50–70 events are common with some
stations showing nearly 100 events during the summer from
1950 to 2019. In the north and west, most stations show between
20 and 40 events, which is nearly equal to their annual total from
1950 to 2019. Thus, most of the all-station 99th-percentile events
in the western portion of the MoRB occur in June, July, or
August. An analysis of all all-station 99th-percentile events
east and west of 1008W through all 4 seasons (Fig. 9) shows
this result. Overall, in the western part of MoRB (west of
1008W), 594 events were observed during the summer while
350 for the other three seasons combined. While in the eastern
region (east of 1008W) 3027 occurred during the summer and
3189 for the other seasons. The low winter season all-station
99th-percentile event total in the eastern (197) and western
regions (4) of the MoRB is not surprising. This result is due to
the low snow water equivalent values in the higher-latitude
regions of the western MoRB (Baxter et al. 2005).
4. Discussion
a. Impacts of extreme precipitation
The climatology of water equivalent precipitation across the
MoRB study area is varied. In the eastern region, climatolog-
ical annual totals are around 700–900 mm yr21, with a gradual
decrease toward the north and west to around 200–400 mm yr21.
The all-station-based 99th percentile (55.4 mm) represents a
substantially different percentage of the annual total, from
around 1/16th of the annual precipitation total in the east to
1/5th of the annual total in the west. Although the frequency
of all-station 99th-percentile events in the western regions of
the MoRB is low, events above 100 and 150 mm do occur, and
they can be particularly devastating as they would produce
between one-third and one-half of the annual climatological
precipitation total (Fig. 1). While such ($100 or $150 mm)
events would still be impactful in the eastern MoRB, they
would not result in significant societal impacts like in the western
MoRB. The examples of past flash floods events of Black Hills
(June 1972) and Kansas City (August 1977) describe this well.
While both events were impactful, with comparable precipi-
tation amounts, the damage and loss of lives in the 1972 Black
Hills event ($160 million in damages and 237 lives lost) were
far greater than in the 1977 Kansas City event ($50 million in
damages and 25 lives lost).
Surface hydrological conditions in the region of the extreme
event, in conjunction with the intensity of the rainfall, would
determine the short-term impact of the extreme precipitation
event (Davis 2001; Rozalis et al. 2010). Conditions that in-
crease surface runoff would increase the magnitude of flooding
during any heavy rainfall event, especially during extreme events.
Thus, linking the extreme precipitation discussed here with the
climatological surface hydrological state of each season would
provide an idea of magnitude of the impacts. Most of the ex-
treme precipitation events occur during the summer, when soil
moisture levels vary notably owing to relatively lower clima-
tological precipitation totals in comparison with spring and
increasing near-surface temperatures (Flanagan et al. 2017).
Vegetation growth in the region would cause soil moisture
content to generally decline without recharge from irrigation
or precipitation (Yang et al. 1998). Spring and autumn represent
the transition seasons for temperature, precipitation, and thus
soil moisture. During the spring, rising temperatures (Flanagan
et al. 2017; Wise et al. 2018) cause an increase in biomass and
result in decrease in soil moisture content even as water
FIG. 5. Box-and-whisker plot for the annual (1950–2019) station
99th percentile of precipitation (mm). Stations are ordered by longi-
tude west to east; the left-hand side of the plot is the westernmost
station, and the right-hand side of the plot is the easternmost station.
The dots above and below the box-and-whisker plots represent
data points that are 1.5 times the IQR above or below the 75th and
25th percentiles, respectively.
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equivalent precipitation increases. During autumn, declining
temperatures (Flanagan et al. 2017; Wise et al. 2018) and a
decrease in biomass due to harvest, along with the still present
water equivalent precipitation, causes an increase in soil
moisture going into winter.
During a normal year, this would mean that moisture
from precipitation events would be partially stored into the
soils during all three seasons. If antecedent soil moisture is
too high (wet) or low (dry), then precipitation would pri-
marily result in runoff (Noguchi et al. 1997) and potentially
overwhelm regional water storage infrastructure. Given the
connection with varying surface hydrological states, the impact
of the 99th-percentile precipitation events would also be var-
ied, from flash flooding that regional and local watersheds
couldmanage or large runoff events that lead tomajor flooding
events. While a drought or pluvial year would certainly impact
the chance of incurring a 99th-percentile precipitation event,
the impact of such events would be magnified during these
years. This would be especially true if a large-scale extreme
precipitation event were to happen during a hydrologically
extreme year, as occurred inMarch 2019 (Flanagan et al. 2020)
when a warm, wet early winter followed by a frigid, wet late
FIG. 6. Regression slope analysis of per-station 99th-percentile threshold for (a) annual, (b) DJF, (c) MAM,
(d) JJA, and (e) SON. The size of the circle and its color denote the magnitude (larger circles denote increased
magnitudes) determined through a Theil–Sen trend estimation method, with the circles including an X showing
statistically significant trend determined with aMann–Kendall trend significance test. Prewhitening was completed
on any station with a statistically significant autocorrelation (two-tailed t test with an N of 131).
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winter led to record-breaking widespread flood within the
southern MoRB.
Winter season presents a much more complicated situation
than do the other three seasons. As temperatures in many
states of the MoRB are below freezing levels during this time
of a year (Flanagan et al. 2017; Wise et al. 2018), much of the
hydrological system can be covered in ice. Thus, as surfaces
are frozen and impermeable, an extreme water equivalent pre-
cipitation event could be particularly impactful. In addition, a
99th-percentile rain-on-snow event could multiply the flooding
potential with the addition of the melting snow (McCabe et al.
2007; Freudiger et al. 2014) into the hydrologic system. While
winter season 99th-percentile events are extremely rare in the
northern MoRB due to below-freezing temperatures and low
atmospheric moisture, they could be exceptionally impactful if
the event occurs as water equivalent precipitation due to frozen
rivers and soils. In the southern MoRB, these events are also
rare, but occur more frequently than in the northern MoRB.
Again, the impact of these southern MoRB 99th-percentile
events would be conditioned on the hydrologic context of that
year. For a colder year, soils and water bodies would be frozen
leading to increased runoff after a water equivalent precipi-
tation event. However, because near-surface climatological
temperatures do not fall below freezing in the southernMoRB,
this situation is not as common as compared with the northern
MoRB. Thus, a more typical situation would be an extreme
precipitation event occurring over moist soils and reduced
stream, river, and reservoir water levels (Ettema andZabilansky
2004; Maurer and Lettenmaier 2004; Wise et al. 2018). Thus,
runoff would likely be increased due to the moist soils, but with
water reservoirs and other storage infrastructure, the region
would be able to handle additional water and the impacts
would be reduced.
b. Causes and impacts of temporal trends
While all forms of precipitation can occur within the
MoRB region, convection is the primary cause of precipi-
tation. Specifically, mesoscale convective systems (MCSs;
Fritsch et al. 1986) are the predominant driver of warm season
precipitation in the eastern MoRB and north-central United
States. This explains the reduction of station maximum pre-
cipitation and the per-station 99th percentile for precipitation
toward the north and west as compared with the southern
and eastern MoRB. MCSs form in the lee of the Rockies and
propagate eastward toward the eastern MoRB states (Tuttle
and Davis 2006), producing nocturnal severe weather events
and copious amounts of precipitation (Wallace 1975). Reif and
Bluestein (2017) showed nocturnal elevated storms, in con-
junction with nocturnal MCSs, are a primary driver of noc-
turnal rainfall over the central United States. Thus, shifts in
precipitation within the MoRB, especially in the warm season,
can be linked to differences in magnitudes, frequencies, and/or
intensity of convective storms within the MoRB. Recently,
research linked increasing precipitation totals across the cen-
tral United States with the increases in the heaviest precipi-
tation events (Karl and Knight 1998; Groisman et al. 2004,
2005, 2012; Feng et al. 2016). It is also suggested that the me-
soscale convection is likely the driver of this change. This
does not mean that synoptic large-scale forced precipitation
is unimportant, but that the primary driver of precipitation in
the warm season, when most of the events occur, is linked
to mesoscale convection. Synoptic-scale flow anomalies re-
lated to increased moisture transport into the region are
crucial for heavy precipitation events (Frei et al. 1998; Zhao
et al. 2017; Flanagan et al. 2018, 2020), and thus they cannot
be discounted even if they are not the primary driver of the
excessive precipitation.
FIG. 7. Annual count of unique (only one event counted per day,
per year) precipitation events over (a) 50, (b) 100, and (c) 150 mm
across the study region. Light-gray bars are for events before 1985,
and events after 1985 are shown with dark-gray bars. The numbers
on the top of each plot represent the prior-to-1985 (left-hand side)
and after-1985 (right-hand side) average number of events per year
during that period.
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Due to the possible impacts of these 99th-percentile pre-
cipitation events, changes in their magnitudes would further
exacerbate their impacts. Analysis of both station maximum
precipitation and per-station 99th percentiles show widespread
increasing trends within the MoRB. While the statistical sig-
nificance is not as prevalent as the positive trends, it appears as
though the extreme event thresholds are increasing across
most of MoRB. The 1–5 mm decade21 increases in station
maximum precipitation and 1–3 mmdecade21 in the per-station
99th percentile would lead to around a 7–35 mm increase in the
climatological station maximum or per-station 99th percentiles
across the region. While a 7-mm increase is not particularly
large, a 35-mm increase in the 99th percentile is a dramatic
increase in the magnitude of extreme events. This magnitude
of change in the per-station 99th percentile means that the
daily precipitation event of rarest magnitude of the 1950s
would be more commonplace in the present day. Related
previous research further confirms these findings of our study
(Karl and Knight 1998; Groisman et al. 2004, 2005, 2012; Feng
et al. 2016; Christian et al. 2015; Weaver et al. 2016; Flanagan
et al. 2017, 2018).
Seasonally, trends displayed different statistical significance
patterns than those seen for the annual analysis. Summer
shows both a scattered spatial distribution of stations with
FIG. 8. Count of all precipitation events over the all-station 99th-percentile threshold (55.4 mm) that occurred
over (a) annual, (b) DJF, (c) MAM, (d) JJA, and (e) SON at each station.
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statistically significant trends. In the station maximum trend
analysis, a series of stations with negative trends are evident
along the Nebraska–Kansas border in the summer. Given the
location of the stations with negative trends, this could be
linked to irrigation, which is prevalent in the south-central area
of Nebraska (Pei et al. 2016). Irrigation would dampen the
evolution of surface temperatures while providing large amounts
of moisture to the near-surface atmosphere. According to Findell
and Eltahir (2003a,b) this could enhance or inhibit chances of
convection later in the day dependent on themorning low-level
atmospheric state. It was also noted that with an intermediate
lapse rate (between dry and moist adiabatic) or closer to moist
adiabatic below 300 hPa would favor the enhancement of
precipitation over wet soils (seen in Fig. 2a of Findell and
Eltahir 2003a). However, given the prevalence of capping
inversions and more dry adiabatic lapse rates during the
warm season over the central United States (Lanicci and
Warner 1991a,b; Ribeiro and Bosart 2018), the environment
identified by Findell and Eltahir (2003a,b) favoring precipi-
tation over wet soils does not frequently occur in the southern
Nebraska region.
The spring and summer (warm) seasons are the typical time
of a year when the GPLLJ brings moisture from the Gulf of
Mexico in the central and northern United States (Higgins
et al. 1997; Gimeno et al. 2010, 2013). As the GPLLJ is such an
important driving force of moisture advection into the re-
gion, it is important to investigate the connection between
extreme precipitation and the GPLLJ. As such, we have also
conducted a shifted seasonal analysis that looked into the
AMJ and JAS 3-month periods, which are linked to the peak
of the GPLLJ frequency and intensity during the year. This
work was completed to explore possibilities of a better linkage
between the GPLLJ’s development phase and extreme precip-
itation responses. The JAS analyses of both annual maximum
and 99th-percentile trend analyses are similar to the JJA analysis
shown in Figs. 4d and 6d and thus are not shown. However, the
AMJ analyses of annual maximum and 99th-percentile trends
do present some interesting features. When compared with
the MAM analysis for 99th-percentile thresholds and station
annual maximum precipitation, the AMJ analyses (Fig. 10)
show amore consistent pattern of statistically significant trends
in the eastern MoRB. In the MAM analyses (Figs. 4c and 6c),
numerous stations in western South Dakota, Nebraska, and
Kansas show statistically significant trends, while in the AMJ
analyses these significant trends are located in the eastern
portions of these MoRB states. As previous work has shown,
the GPLLJ has been linked to climate change through a shift in
the moisture transport toward the north in the central United
States (Cook et al. 2008; Barandiaran et al. 2013;Wimhurst and
Greene 2020). The AMJ trends in the eastern MoRB noted in
this work could be a result of this noted shift in strength and
location of the GPLLJ, although more work is needed to
further explore this linkage.
In winter, most stations in Kansas and Missouri show sta-
tistically significant positive trends. This result suggests that
increasing temperatures, linked to climate change (Qiao et al.
2014), could be causing a climatological shift from frozen to
water equivalent precipitation. This would result in an in-
crease in the magnitude of station maximum winter pre-
cipitation events and in the per-station 99th percentile
because more precipitation is occurring in liquid form than as
frozen precipitation.
In autumn, a large area in northeastern Nebraska and east-
ern South Dakota reported statistically significant increases in
both per-station 99th percentiles and station maximum pre-
cipitation. Due to the lack of statistically significant trends
outside of this relatively small region within the MoRB, it
is difficult to conclusively determine the cause of the sta-
tistically significant trends in northeastern Nebraska and
eastern South Dakota. The trends in the most extreme events
and station maximum precipitation are much greater in this
area in comparison with the per-station 99th-percentile
trend analysis. This shows how the changes in precipitation
during this season are likely not systemic, but rather a
change to only the most extreme events and their drivers.
Climatological winds for the autumn season (not shown) for
this area suggest a predominantly southerly wind direction,
thus increasing atmospheric moisture from the south could
potentially explain the increase in extreme precipitation.
This is further supported by the typical source of precipi-
tation during autumn in the MoRB, synoptic waves (Wise
et al. 2018). Wise et al. (2018) found that large pressure
troughs are common across North America during high-flow
years in theMoRB. During autumn, Wise et al. (2018) shows
that these pressure troughs are found stretched north to
south across central North America, directing surface fronts
across theMoRB. As frontal systems reinforce flow from the
south prior to their propagation through a region, the in-
creased southerly flow and synoptic and mesoscale forcing
for precipitation ahead of surface fronts points toward the
increased chances for extreme precipitation given enhanced
moisture at this time of year in the MoRB. Thus, modifica-
tions to these surface lows, middle atmospheric troughs, or
available moisture from the south would increase the fre-
quency and intensity of extreme precipitation during this
FIG. 9. All precipitation events over the all-station 99th percentile
(55.4 mm) across all four seasons for all stations: east (hatched
lines) and west (cross hatched lines) of 1008W. The counts of each
season have been normalized by dividing through by the number of
stations in each region (east and west of 1008W).
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season. However, further research is needed before drawing a
firm conclusion.
5. Conclusions
This study examined the nature of extreme precipitation and
temporal and spatial changes to extreme precipitation, as de-
fined by and using a 99th percentile (per station and all station)
across all precipitation days, across the MoRB. There has
been a lack of extreme precipitation studies focusing on this
important and complex watershed, especially on a subannual
basis. Thus, it is crucial to investigate the nature of changes in
extreme precipitation over the MoRB to detect any temporal
or spatial shifts. Further, definition of an extreme event is
statistical in character and hence shifts in extreme precipitation
frequency and magnitudes can change what is defined as an
extreme event. In other words, what was once considered a
rare, extreme event can be considered normal or not extreme
at the present time. Record-breaking extreme events, such as
the March 2019 flood of the MoRB (Flanagan et al. 2020),
could become more frequent in response to the changing
nature of extreme precipitation. The goal of this study was
to analyze the temporal and spatial nature of extreme precip-
itation in the MoRB to understand the climatology of extreme
events in the region and to detect any trends within the defi-
nitions of such extremes. Further, this study sought to inves-
tigate extreme precipitation event statistics on a seasonal basis
to determine any shifts in frequency or intensity relating to
periods in which the hydrologic state of the region is more
vulnerable to such events.
Data spanning the 1950–2019 period from 131 USHCN
stations across the MoRB were used to determine the clima-
tology of extreme precipitation. Only stations that contained
less than 10% missing observations were utilized. An analysis
FIG. 10. Regression slope analysis of (a) annualmaximumdaily precipitation event by station
for AMJ and (b) per-station 99th-percentile threshold for AMJ. The size of the circle and its
color denote the magnitude (larger circles denote increasedmagnitudes) determined through a
Theil–Sen trend estimation method, with the circles including an X showing a statistically
significant trend determined with a Mann–Kendall trend significance test. Prewhitening was
completed on any station with a statistically significant autocorrelation (two-tailed t test with
an N of 131).
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of station maximum and per-station 99th-percentile precipi-
tation events was completed, with a focus on the temporal
and spatial shifts. Climatologically, more precipitation occurs
over the course of a year in the eastern MoRB than in the
western MoRB. The climatology in station maximum pre-
cipitation and the per-station 99th percentile follows the
same pattern that is higher in the eastern MoRB than in the
western MoRB. Further, analysis showed that the intensity
of station maximum precipitation events and the frequency of
per-station 99th-percentile events decreased from south to
north and from east to west. Overall, our results show the
following for the 1950–2019 period:
d Positive trends in station maximum precipitation and the
per-station 99th percentile are observed across the MoRB.
d Annually, these trends do not show a spatial pattern of
statistical significance across the region.
d Statistically significant increases in the frequency of events
with$50,$100, and$150 mm of precipitation are observed
across the region when comparing the periods before and
after 1985.
d Increase of events with $50, $100, and $150 mm of precip-
itation were observed in all seasons.
d Station maximum precipitation and the per-station 99th-
percentile magnitudes are increasing in the southern MoRB
states (Kansas and Missouri) and likely linked to increasing
temperatures due to climate change.
d Statistically significant increase or decrease in stationmaximum
precipitation is respectively recorded in spring or summer
across the bordering areas of north-central Kansas and
south-central Nebraska, but no statistically significant shift
in the per-station 99th percentile is observed.
d During autumn, an area in northeastern Nebraska and
eastern South Dakota showed a statistically significant in-
crease in both station maximum precipitation and the per-
station 99th percentile.
d During winter, southernMoRB states (Kansas andMissouri)
are experiencing a statistically significance shift in the trends
of both station maximum and per-station 99th-percentile
precipitation.
d During the spring, the eastern portion of the MoRB depicts
statistically significant increases in the intensity of extreme
precipitation, likely related to changes in the GPLLJ.
These conclusions agree with the fourth National Climate
Assessment (NCA4) (Easterling et al. 2017), which noted an
uptick of MCS activity and extreme precipitation in the region
during the warm season and suggested linkages to enhanced
low-level jets and specific humidity. The report also stated that
the north-central U.S. region (including the MoRB) was sus-
ceptible to strong climate fluctuations, meaning that extreme
precipitation events can produce damaging flood events across
the MoRB. Thus, our results showing enhanced and more fre-
quent extreme precipitation, relative to themid-twentieth century,
could result in more intense and frequent flood events for the
MoRB such as the March 2019 historical floods in the lower
MoRB (Flanagan et al. 2020).
However, temporal trends in all four 3-month periods
analyzed show that distinctly different features of the MoRB
climate are impacting extreme precipitation in different man-
ners. Shifts in winter extreme precipitation in the southern
MoRB can be explained by increased regional temperatures
that causes frozen precipitation to become liquid. Changes in
the spring and summer, especially per-station maximum
precipitation, could be linked to irrigation practices that have
become widespread in the region in recent decades (Pei
et al. 2016) or climate change effects that shift the GPLLJ
exit region poleward (Cook et al. 2008; Barandiaran et al.
2013; Wimhurst and Greene 2020). Also depicted are sta-
tistically significant increases in event intensity in the eastern
MoRB during autumn. Previous research has shown a con-
nection between increases in total precipitation and extreme
precipitation in the midwestern United States and increased
moisture convergence related to the GPLLJ (Easterling et al.
2017; Higgins et al. 1997). Our results are likely related to this
increase of precipitation in the midwestern United States,
given the small spatial coverage of statistically significant sta-
tions in the eastern MoRB. This research emphasizes the sig-
nificant impact that shifts in extreme precipitation can have
during a year. Given that the hydroclimate of the MoRB
is seasonally varied, shifts in extreme precipitation during a
hydrologically vulnerable time of year (i.e., prone to floods)
could imply more extreme floods or more frequent floods for
the region.
While our study clearly shows a shift in the region’s extreme
precipitation, more research is needed to fully understand the
nature of these shifts in the MoRB. First, an in-depth analysis
of frozen precipitation in the western MoRB is needed to
determine the nature and shifts in extreme snowfall events.
Although snowfall in the easternMoRB is not as impactful to
the MoRB hydroclimate as snowfall in the Rocky Mountains
(Wise et al. 2018), an in-depth analysis of nonmountain
snowfall in the MoRB is warranted given the winter liquid
equivalent results seen in the southeastern MoRB. A detailed
analysis of various drivers of the extreme precipitation events
(e.g., large-scale moisture advection, LULCC-driven regional
and local moisture distributions, shifts in the GPLLJ location,
intensity, and frequency) across the MoRB could reveal ad-
ditional details into the causes of these changes.
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